Multidrug transporters provide a survival strategy for living organisms. As expected given their central role in survival, these transporters are ubiquitous, and in many genomes, several genes coding for putative transporters have been identified. However, in an organism such as Escherichia coli mutations in genes coding for transporters other than the major AcrAB-TolC multidrug efflux transporter have only a marginal effect on phenotype. Thus, whether the physiological role of the transporters identified is indeed drug export has been questioned. We show here that the minor effect of single mutations is due to the overlapping functionality of several transporters. This was revealed by generating multiple chromosomal deletion mutations in genes coding for transporters that share the same substrate and testing their effect on the resistance phenotype. In addition, complementation studies imply that AcrAB-TolC confers robust resistance provided that single-component transporters in the plasma membrane are functional. This finding supports the contention that hydrophobic drugs are removed in a 2-stage process: AcrAB-TolC removes substrates from the periplasmic space, while single-component transporters remove them from the cell. The overlapping specificities of the transporters ensure coverage of a wide range of xenobiotics and provide robustness in the response to environmental stress. This strategy also confers evolvability to the organism by reducing constraints on change and allowing the accumulation of nonlethal variation.
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AcrAB ͉ drug resistance ͉ EmrE ͉ MdfA ͉ multidrug transporters L iving organisms are constantly assailed by a host of harmful chemicals from the environment. Because of the diversity of these ''xenobiotics,'' cellular survival mechanisms must deal with an immense variety of molecules. Polyspecific drug transporters provide one means of doing so. These transporters recognize a wide range of dissimilar substrates that may differ in structure, size, or electrical charge and actively remove them from cells. As such, they provide an essential survival strategy for the organism. However, given that the substrates of these polyspecific transporters include many antibiotics as well as antifungal and anticancer drugs, they are associated with the phenomenon of multidrug resistance (MDR), which poses serious problems in the treatment of cancers and infectious diseases; consequently, some of them are known as multidrug transporters (MDTs) (1) (2) (3) .
As expected given their central role in survival, these transporters are ubiquitous, and several genes coding for putative MDTs have been identified in many genomes. Genomic analysis has found that most bacteria have a large number of intrinsic potential drug exporter genes. Several different approaches have been taken to explore the role of these numerous putative MDTs. The ability of each putative MDT in a single organism (Escherichia coli) to confer resistance to a series of toxic compounds has been systematically questioned. Sulavik et al. (4) generated strains with null mutations in several efflux genes and tested their susceptibility to 35 compounds, including antibiotics, detergents, antiseptics, and dyes. Nishino and Yamaguchi (5) thoroughly tested the ability of each putative MDT in E. coli to confer resistance when expressed in a multiple-copy plasmid, either with its own promoter or in an expression vector. They identified 20 genes that confer resistance to at least 1 of a series of 26 antimicrobial agents.
Both of these studies confirmed, as suggested by many before, that AcrAB-TolC provides the major intrinsic resistance of these cells. In the study of Sulavik et al., null AcrAB strains became more susceptible to 29 of the 35 compounds tested (4); in the study of Nishino and Yamaguchi, expression of plasmidic AcrAB conferred significant resistance to 19 of the 24 compounds tested (5) . Because the role of AcrAB-TolC is so central, the questions are raised as to why the organism needs all of the other drug exporter genes and whether their physiological role is indeed drug export or transport of specific physiological compounds, with the ability to expel drugs being only a fortuitous side effect (6) (7) (8) (9) . The phenotype of single null mutations of transporters other than AcrAB-TolC would suggest a minor role in resistance to the compounds tested, because their sensitivity to ethidium and acriflavine is not dramatically modified compared with that in the wild-type cells. Moreover, multiple null mutations in genes from the same families do not necessarily have a synergistic effect (4, 10) .
A possible explanation for the minor effect of null mutations in so many transporters is that this is due to backup compensation in which transporters with overlapping functionality cover for the loss of other transporters. To identify potential functional interactions of the transporters, we tested the effect of multiple deletion mutations on the phenotype of resistance to a single toxicant at a time. Here we chose to study the resistance to ethidium and to acriflavine, because other transporters besides AcrAB-TolC have been shown to confer resistance to either one (5) . In addition, 2 of the aforementioned transporters have been thoroughly characterized. MdfA, a major facilitator superfamily (MFS) transporter that functions as a single 12 TM polypeptide, and EmrE, a small multidrug resistance (SMR) family transporter that functions as a homodimer, remove toxic compounds, including acriflavine and ethidium, from the cytoplasm in exchange for protons (11) (12) (13) (14) (15) (16) (17) .
Using the approach described herein, we found that a doublenull mutation in genes coding for transporters (emrE and mdfA) that share some of the same substrates (acrif lavine and ethidium) has a strong effect on the resistance phenotype, and that cells exhibit sensitivity to these substrates almost as high as that seen in the ⌬acrB strain. Remarkably, in strains in which the genes coding for MdfA and EmrE were both inactivated, the AcrAB-TolC complex provided only feeble resistance to ethidium and acrif lavine. We propose that this is the result of a 2-stage functional organization in which MFS and SMR transporters in the plasma membrane transport the toxic compounds from the cytoplasm away from their targets and AcrAB-TolC removes these compounds from the periplasmic space out of the cell.
Results

AcrAB-TolC Is the Major Intrinsic MDT, but Other MDTs Play Important
Roles as well. AcrAB-TolC from E. coli provides the major intrinsic resistance of these cells. Genetic inactivation of AcrB results in cells that are highly sensitive to a wide variety of compounds (3) (4) (5) . We tested the effect of inactivation of genes coding for 2 other E. coli MDTs: EmrE, an SMR transporter and MdfA, an MFS transporter. As expected based on previous reports (4, 18) , the single knockouts exhibited a distinct, but relatively weak, effect on the resistance to ethidium and acriflavine compared with the AcrB knockout. In the experiments reported here, the ability of cells to grow under various conditions was assessed in solid media containing ethidium (100 g/mL) or acriflavine (50 g/mL) in which 5 L of logarithmic dilutions of an overnight culture were spotted (Fig. 1A) . All of the cells tested grew well in the medium without toxicants at all of the dilutions tested ( Fig. 1 A, control) . In the presence of either acriflavine or ethidium at the above concentrations, cells from a ⌬acrB strain did not grow at any of the dilutions. In contrast, the growth of ⌬emrE and ⌬mdfA cells was only marginally impaired in the ethidium plate and only slightly more affected in the presence of acriflavine. Because EmrE and MdfA share some substrates, we tested whether they functionally overlap by generating a double-null mutation. When both genes were inactivated in the same strain, the resulting cells became practically as sensitive as the AcrB knockout (Fig. 1 A) .
To quantify these results, we also tested growth in liquid media, and determined the IC 50 for growth of the various strains (Fig. 1B) . Whereas growth of BW25113 cells with intact MDTs (WT) was inhibited by 50% at 221 g/mL of ethidium, the IC 50 for ethidium for the other strains was 5 g/mL for ⌬acrB, 124 g/mL for ⌬emrE, 78 g/mL for ⌬mdfA, and 21 g/mL for ⌬emrE ⌬mdfA. These results strongly support the observations in solid media and imply an additive effect of the double mutation. It should be noted that BW25113 cells exhibited a much higher intrinsic resistance to ethidium and acriflavine than any of the other commonly used E. coli strains (Fig. S1) . Thus, E. coli DH5␣, BL21 (DE3), and JM109 did not grow in plates containing either 50 g/mL of acriflavine or 100 g/mL of ethidium, whereas BW25113 cells grew even at concentrations as high as 150 g/mL of acriflavine and 400 g/mL of ethidium. E. coli TA15 displayed an intermediate phenotype (Fig. S1 ).
The results demonstrate that EmrE and MdfA are functional in the cell and when both of them are inactivated by deletion of the appropriate genes, the cell sensitivity to ethidium and acriflavine is almost as high as that in the ⌬acrB strain.
AcrAB-TolC, the Major Intrinsic MDT, Confers only Marginal Resistance
to Substrates of EmrE and MdfA in the Double-Null Mutant. The phenotype of the double-null mutant indicates overlapping functionality between EmrE and MdfA. We further analyzed the interaction of the transporters coded by these genes with each other and with AcrAB-TolC by testing for functional complementation. We tested the ability of plasmidic genes to complement for the genomic mutations in solid medium ( Fig. 2A and B) and found that plasmidic emrE and mdfA by themselves complemented the defective phenotype of the single-and doublenull mutations of the single-component transporters but not that of the ⌬acrB strain. In contrast, plasmidic AcrAB closely complemented the phenotype of the ⌬acrB strain, partially complemented the phenotype of the single null mutations, but could not restore full resistance to the double-null mutation ⌬emrE ⌬mdfA ( Fig. 2 A and B) .
We further explored the notion that AcrAB-TolC provides only very weak resistance in the strain devoid of the 2 singlecomponent transporters by determining the IC 50 values for ethidium in the 5 strains expressing plasmidic AcrAB (Fig. 2C) . IC 50 values without plasmidic AcrAB are shown in Fig. 1B , and the effect of the plasmidic expression of acrAB is illustrated in Fig. 2C . In wild-type and ⌬acrB cells, very robust resistance was conferred, with IC 50 values of 630 and 421 g/mL, respectively. Resistance also was significant (albeit lower) in the single-null mutants, with IC 50 values of 202 g/mL for ⌬emrE and 254 g/mL for ⌬mdfA. Strikingly, however, only very marginal resistance was conferred to the double-null mutant, ⌬emrE ⌬mdfA, with an IC 50 value of 47 g/mL.
We conclude that for the compounds tested in the present study, efficient intrinsic resistance mediated by AcrAB-TolC requires the activity of single-component transporters.
In ⌬emrE ⌬mdfA Cells, AcrAB-TolC Confers full Resistance to Substrates That Are Not Shared with EmrE or MdfA. The finding of no cross-complementation of phenotype between the 2 types of transporters (i.e., AcrAB-TolC and the single-component transporters EmrE and MdfA) implies that in the process of removing ethidium from the cell to the medium, the AcrAB-TolC complex and the single-component transporters EmrE and MdfA function in a sequential manner. To support this conclusion, we ruled out the possibility that the lack of complementation may be due to a general effect on the membrane composition, permeability, or expression levels of the transporters. We did this through direct evaluation of the function of each transporter by assessing its ability to confer resistance to substrates that are not shared with the other transporters. The results of this direct test of transporter function are summarized in Fig. 3 .
Nalidixic acid is a substrate of AcrAB-TolC that is not recognized by either EmrE or MdfA (19, 20) . This contention was confirmed by the fact that the null single (not shown) and double ⌬emrE and ⌬mdfA cells grew in the presence of 3 g/mL of nalidixic acid as well as in its absence (Fig. 3A) . The ⌬acrB cells and a triple-null mutant of acrB, emrE, and mdfA did not grow at this concentration of nalidixic acid. This phenotype was fully complemented by plasmidic AcrAB in all of the foregoing strains, but not by either plasmidic emrE or mdfA ( Fig. 3A; only complementation of the triple-null mutant by pAcrAB is shown). These results confirm that AcrAB-TolC is fully functional also in cells devoid of any EmrE or MdfA. They also imply that AcrAB-TolC may be handling nalidixic acid by itself or in interaction with MDTs other than MdfA or EmrE.
We performed the converse experiment to demonstrate that the inability of plasmidic emrE to restore ethidium and acriflavine resistance to the ⌬acrB cells is not due to its impaired expression in this strain or to some unknown change in the membrane composition or permeability. We did this by analyzing the resistance of the various strains to methyl viologen, a substrate of EmrE (20) but not of MdfA (19) or AcrAB-TolC (5) (Fig. 3B ). Null acrB (Fig. 3B) or mdfA (not shown) strains grew normally in solid media in the presence of 0.2 mM methyl viologen, whereas the growth of ⌬emrE or ⌬emrE ⌬acrB strains was impaired (Fig. 3B) . Plasmidic EmrE complemented this defect in both strains, supporting the conclusion that the lack of complementation for ethidium and acriflavine phenotypes is not due to some nonspecific effect.
We quantified the increased resistance to methyl viologen by assessing growth in liquid media at various concentrations. The growth of wild-type and ⌬acrB cells was inhibited by 50% at a similar methyl viologen concentration (280 M) (Fig. 4C) . This finding confirms the contention that methyl viologen is not a substrate of AcrAB-TolC. Plasmidic emrE increased the resistance to methyl viologen to a practically identical level in both strains (Fig. 4C) . We conclude that the removal of methyl viologen from the cytoplasm to the periplasm and then out of the cell is independent of AcrAB-TolC, and that EmrE is functional in the ⌬acrB mutant as well.
Partial Resistance to Ethidium Is Conferred by EmrE in the ⌬acrB
Strain. In apparent contrast to the lack of functional complementation by EmrE in the ⌬acrB mutant described here, Nishino and Yamaguchi (5) showed that plasmidic emrE confers additional resistance to ethidium over the intrinsic resistance in the KAM3 strain. The KAM3 strain is a derivative of E. coli K12 with impaired AcrAB-TolC activity (21). As described above, BW25113 and K12 derivatives display very different intrinsic resistance, which may be one reason for the differing effectiveness of EmrE in the 2 strains. In addition, it is possible that the levels of expression of the plasmidic EmrE differ because of differences in strain, promoter, or copy number. To support our findings, we conducted a more detailed analysis of the activity of plasmidic emrE in the BW25113 ⌬acrB strain by growth in liquid media in the presence of multiple concentrations of ethidium and acriflavine. Our results confirm that plasmidic emrE confers only weak resistance to ethidium and acriflavine to the ⌬acrB strain, at levels much lower than those detectable in wild-type strains ( Fig. 4A and B) ; whereas the IC 50 values in the wild-type strains were 489 g/mL for ethidium and 48 g/mL for acrifla- vine, they were only 22 and 10 g/mL, respectively, in the ⌬acrB strain.
In ⌬acrB Cells, Ethidium Is Not Removed Efficiently from the Periplasmic Space. Although the fold increase in resistance conferred by EmrE is similar in both strains, the amount of ethidium that EmrE needs to transport to confer the resistance to 489 g/mL or to 22 g/mL is more than 1 order of magnitude greater. We postulate that in the ⌬acrB strain, leakage into the cells of compounds such as ethidium is higher, because these compounds are not efficiently removed from the periplasm, and thus their concentration in this compartment is higher than in wild-type cells. To further elucidate this issue, we directly measured transport of ethidium in whole cells (Fig. 4D) . In these studies, cells were starved in the presence of ethidium by incubation in the absence of an energy source and in the presence of the uncoupler carbonyl cyanide m-chlorophenylhydrazone (CCCP). After the uncoupler was removed, transport was started by the addition of glucose. Although ethidium was present in both the medium and the cells, the fluorescence observed originated almost exclusively from the intracellular ethidium bound to nucleic acid. After the addition of glucose to wild-type cells transformed with plasmidic emrE ( ), a rapid decrease in fluorescence occurred, which represents the removal of ethidium from the cell against its concentration gradient (Fig. 4D , Left Panel; 2 g/mL of ethidium). This decrease was much slower in cells without plasmidic emrE ( … .) and was completely prevented when the cells were resuspended in a medium with CCCP (not shown). The rate of extrusion was much lower in the ⌬acrB cells (-⅐-⅐-), as expected, but was significantly accelerated by plasmidic emrE (--), and it reached very similar equilibrium to that in wild-type cells (albeit more slowly, after about 2 min). This indicates that EmrE is capable of removing ethidium from the cytoplasm against its concentration gradient also in the absence (albeit somewhat more slowly) of AcrAB. However, when the ethidium load was increased, the differences became greater (Fig. 4D , Center Panel; 12.5 g/mL of ethidium) up to the point at which the activity of EmrE is undetectable in the ⌬acrB cells (Fig. 4D , Right Panel; 50 g/mL of ethidium). In the wild-type cells, the increase in concentrations caused changes in the apparent kinetic behavior, with an increasing lag that became more apparent at the highest ethidium concentration. Because the fluorescence is due mostly to the ethidium bound to the nucleic acid in the cell and this binding is concentrationdependent, we presume the lag is a function of the time required to remove ethidium below the equilibrium concentration. We conclude that in the ⌬acrB cells, EmrE cannot cope with the increased leaks at the maximum concentrations tested, cannot efficiently decrease the intracellular concentration of ethidium, and thus confers only very feeble resistance.
Discussion
AcrAB-TolC is the major intrinsic MDT in E. coli and confers resistance to a wide range of toxic compounds (22) (23) (24) (25) . In addition, 19 other genes that code for proteins that can confer resistance to at least 1 of the 26 drugs tested have been identified (5) . A high level of redundancy seems to exist for some drugs; thus, in E. coli 7 different MDTs confer resistance to ethidium and 6 different MDTs confer resistance to acriflavine (5) . The phenotype of single-null mutations of emrE and mdfA suggests a minor role for this type of transporter in intrinsic resistance, because their sensitivity to ethidium and acriflavine is not dramatically modified compared with that in wild-type cells. Moreover, multiple null mutations in genes from the same families do not necessarily have a synergistic effect (4, 10). Resistance did not differ between the multiple null mutations in all of the genes coding for proteins from the SMR family and the single null emrE (Fig. S2) . Thus, any redundancy in function that may provide backup is not necessarily from proteins of the same family.
To evaluate the possible functional overlap between exporters, we performed a simple genetic analysis of multiple null mutations in 3 of these genes that have at least 2 different drugs in common: EmrE, MdfA, and AcrAB, which have been reported to confer resistance to both ethidium and acriflavine. When genes of proteins catalyzing the same reaction were removed, a very obvious functional interaction was revealed. The higher sensitivity of the double-null mutation indicates that both proteins are functional in the intact cell, and they provide quite a good backup for one another. The finding that the null mutations in emrE and mdfA have an additive effect on the resistance suggests that they function at the same stage in the process of drug removal, that is, in the cell membrane, removing the toxic compounds from the cytoplasm to the periplasm. We propose that the additive effect is due simply to the decreased rates of drug removal that bring about an increase in the drug concentration in the cytoplasm above toxic levels. If this is a simple rate effect, then null mutations of emrE combined with another transporter could have a similar effect. Indeed, null mutations of emrE and yjiO (coding for another transporter that confers resistance to acriflavine) display a level of resistance similar to that of the ⌬emrE ⌬mdfA cells (not shown). In other words, when the rate of removal is lower than the leak into the cell, the compound accumulates to nonpermissive intracellular concentrations. A third null mutation (⌬emrE, ⌬yjiO, and ⌬mdfA) displayed very little additional effect (data not shown), implying that lowering the rate of removal from the cytoplasm even further below a threshold level (relative to the leak rate of the compound) has only a marginal effect on the intracellular concentration.
The findings presented here provide evidence supporting a significant role of the single-component transporters in the intrinsic resistance of E. coli. They also support the conclusion that each of the MDTs tested here (EmrE, MdfA, and YjiO) is functional in wild-type cells and removes toxicants at significant rates. In addition, and most strikingly, AcrAB-TolC provides only very weak resistance to ethidium and acriflavine in the absence of transporters in the plasma membrane that remove the foregoing compounds from the cytoplasm.
The effects of simultaneous expression of several efflux pumps on antibiotic resistance were previously investigated in E. coli and Pseudomonas aeruginosa to test the existence of functional cooperation among various MDTs. Simultaneous expression of a single-component efflux pump that exports antibiotics into the periplasm and a multicomponent efflux pump that accomplishes efflux directly into the external medium has been reported to have a synergistic effect on drug resistance (10, 26) . No synergistic effects were detected in strains with multiple deletions from the same family, either MFS or SMR (4), or in a mdfA and norE double-null strain (10) .
It has been suggested that transporters such as the AcrABTolC multidrug efflux transporter are capable of capturing their substrates in the periplasmic space rather than in the membrane or from the cytoplasm (3, 27, 28) . This claim is supported by the high-resolution structures of AcrB, in which access pathways from the periplasm but not from the cytoplasm have been identified (29, 30) .
The results described here and elsewhere (10, 26) provide strong evidence that AcrAB-TolC removes drugs only from the periplasm (Fig. 5 ). For the drugs tested, AcrAB-TolC was seen to be almost completely dependent on the activity of other MDTs. To investigate whether AcrAB-TolC is dependent on other MDTs for all of the drugs it transports, a careful and detailed assessment of overlapping specificities of other MDTs in E. coli is needed. On the other hand, dependence on AcrABTolC is not necessarily universal. Methyl viologen is a substrate of EmrE but not of AcrAB-TolC, and plasmidic expression of emrE in an acrB null strain confers full resistance as good as that in wild-type cells. The possibility that one of the other 3-component transporters may function to remove methyl viologen from the periplasm cannot be ruled out; however, we favor the possibility that for hydrophilic compounds such as methyl viologen, the diffusion from the periplasm to the outside is faster than the leak back to the cell through the cell membrane, and thus further mechanisms for its active removal from the cell are not needed. Indeed, the findings from our experiments on ethidium transport support the model proposed here (Fig. 5 ) and in previous work (26) that imply that if drug removal from the periplasmic space is not fast enough, the drug will quickly leak back into the cytoplasm, and the single-component transporter cannot cope with the load.
The interactions between the MDTs demonstrated here and in previous studies (10, 26) imply the development of a very robust survival mechanism provided by overlapping specificities of several MDTs. Along with the transporters, the cell response includes such components as drug-degrading enzymes, and this response provides the cell with a survival strategy to cope with resistance determinants present in the environment. This redundancy of versatile protein elements reduces the interdependence of components and confers robustness and flexibility in the response to harmful chemicals from the environment. Because of the diversity of these ''xenobiotics,'' cellular survival mechanisms must deal with a wide variety of molecules. MDTs with partially overlapping specificities and with functional interactions such as described here provide one means for doing so. They also confer evolvability on the organism by reducing constraints on change and allowing the accumulation of nonle- thal variation. Evolvability may have been generally selected in the course of selection for robust, flexible processes suitable for life in hostile environments.
Materials and Methods
E. coli Strains and Growth Conditions. E. coli BW25113 (31) and its isogenic deletion mutants (32) were used throughout this work; the mutants used are listed in Table S1 . E. coli DH5␣ (Invitrogen) was used as host for cloning procedures, and UTL2mdfa::kan (18) was used as donor strain for P1 transductions. E. coli JM109 (33), BL21(DE3) (Novagen), and TA15 (34) were used for comparison of resistance phenotypes.
Cells were grown at 37°C with shaking in LB or medium A with or without kanamycin (50 g/mL), ampicillin (100 g/mL), and chloramphenicol (34 g/mL).
Plasmids. The plasmids used in this work are listed in Table S1 . pT7-7 (35) was used as the control plasmid. pEmrE (pT7-7-EmrE) (20) and pAcrA contain emrE and acrA, respectively, under the control of phage T7 RNA polymerase promoter. pMdfA is pT7-5-MdfA (19) , which allows the expression of mdfA from its native promoter. pACYC is a derivative of pACYC184 (36) . pAcrB is composed of AcrB with the MycHis tag in pACYC. The identity of the constructs was verified by sequencing.
Strain Construction. The multiple-deletion mutants were constructed in E. coli BW25113 essentially as described previously (31) . Plasmid pCP20 (37) was used to eliminate the kanamycin-resistance gene from the single-deletion mutants (32) . The corresponding second and third mutations were introduced by P1 transduction with P1 prepared from appropriate E. coli BW25113 donors, except for the ⌬mdfA::kan mutation introduced from UTL2mdfa::kan (18) . Similarly, the ⌬mdfA::kan mutation was transferred to BW25113 to generate the single-deletion mutant BW25113 ⌬mdfA. The correct configuration of all deletion mutants was confirmed by PCR.
Resistance to Toxic Compounds. For testing resistance on solid medium, 5-L logarithmic dilutions of overnight cultures were spotted on LB agar plates with 30 mM Bis-Tris propane (pH 7) and the corresponding toxic compounds. Growth was analyzed after overnight incubation at 37°C. For resistance in liquid medium, overnight cultures were diluted 100-fold into LB medium, and after 1 h at 37°C, the cultures were diluted to OD 600 of 0.01 in LB medium containing 30 mM Bis-Tris propane (pH 7) and the indicated concentrations of toxic compounds. After 6 h of growth at 37°C, absorption at 600 nm was measured to estimate cell density. Growth (3 mL) was performed in 1.5 ϫ 15-cm glass tubes (Fig. 4) or in 1.2-mL storage plates (ABgene), 300 L per well, covered with gas permeable adhesive seal (Figs. 1 and 2 ). Data analysis was performed using Origin 8.0 software (OriginLab, Northampton, MA). The lowest R 2 value in the fits for all of the experiments was 0.93.
Transport of Ethidium in Whole Cells.
Transport was assayed essentially as described previously (20) . Cells grown to mid-exponential phase were harvested by centrifugation and resuspended in medium A without glucose to an OD 600 of 0.5. Ethidium at the indicated concentrations and CCCP (40 M) were added, and after 1 h at 37°C, the cells were collected by centrifugation and resuspended in CCCP-free medium without glucose and with the original concentrations of ethidium. The reaction was initiated by the addition of 0.36% glucose. Fluorescence was measured at 30°C with a PerkinElmer fluorometer (LS 50 B luminescence spectrometer) using FL WinLab software with an excitation wavelength at 525 nm and emission at 585 nm.
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Tal and Schuldiner 10.1073/pnas.0902400106 Fig. S1 . The intrinsic resistance to acriflavine and ethidium differs dramatically in various E. coli strains. Cells harboring pT7-7 were grown overnight at 37°C in LB medium. Then 5-L volumes of 10 -2 to 10 -6 dilutions of the cultures were spotted on LB-agar plates containing 30 mM Bis-Tris propane (pH 7) with 50 and 150 g/mL of acriflavine or 100 and 400 g/mL of ethidium. Fig. S2 . The intrinsic resistance to acriflavine and ethidium in the ⌬smr strain is the same as that in the ⌬emrE strain. In the ⌬smr strain, all of the genes coding for SMR proteins (emrE, sugE, and mdtIJ) were inactivated (see Table S1 for details). Cells harboring pT7-7 were grown overnight at 37°C in LB medium. Then 5-L volumes of 10 -2 to 10 -6 dilutions of the cultures were spotted on LB-agar plates containing 30 mM Bis-Tris propane (pH 7) with 100 g/mL of acriflavine, 200 g/mL of ethidium, or 0.2 mM methyl viologen.
